Introduction
This review of the various currently available radiation detectors and instruments focuses on their suitability for the measurement of the operational dose equivalent quantities.
The response of a detector or instrument is defined in Section 2.1.2 as the quotient of its reading and the value of the quantity that it is intended to measure. "Ambient dose equivalent response" or "response relative to H*(lO)" means the response of a detector used to measure H* (lO) .
Of particular interest is the variation of response with the energy of the radiation: the "energy response." This depends on the quantity being measured.
For example, an instrument that has a constant energy response for measuring exposure would have a variable energy response for measuring H*(lO) since, for a given fluence, the quotient of H* and exposure varies with energy, as shown for photons in Figure 3 The variation of the response of an instrument with its orientation in a unidirectional field is its "directional response" or "angular response". The term "isodirectional" was introduced in Section 2.1.3 to apply to a response that is independent of orientation. Like the energy response, the directional response of a given instrument can vary depending on what quantity it is intended to measure. For 7 example, if the reading of a beta ray instrument is constant as it is rotated (about any axis) in a unidirectional field of beta radiation, its response with respect to fluence is isotropic. But its response with respect to H' (0.07,ex) is not isodirectional because the quotient of H' (O.07 ,ex) and fluence varies with direction. Conversely, if an instrument has an isodirectional response for measuring H '(0.07,ex) , its reading varies with its orientation in a unidirectional field.
In contrast, an instrument that has an isotropic response for measuring fluence also has an isodirectional response for ambient dose equivalent.
Although energy response and angular response are often discussed separately, it should be kept in mind that for most instruments, the energy response varies with the direction of incidence and the angular response depends on energy. The energy and angular responses of any instrument usually depend on both the detector and the instrumental housing in which the detector is used. Instruments are usually calibrated so that for some energy and direction, the response is unity, i.e., the instrument reads correctly the quantity it is supposed to measure.
General Characteristics and Requirements

Area Survey Instruments
Strongly Penetrating Radiation. To measure ambient dose equivalent under all conditions of irradiation, it is, in principle, necessary that the instrument have simultaneously an isotropic angular response and the backscattering characteristics of the ICRU sphere. This cannot be achieved by using a detector on an actual sphere, since interactions in the sphere would result in a non-isotropic response. In practice, instruments having a nearly isotropic response are used and, when necessary, their energy response function is adjusted by various methods, to simulate the effects that absorption and scattering in the sphere would have on this response.
In the case of photons, the energy response function of a given instrument for ambient dose equivalent is different from that for exposure, which many existing instruments are designed to measure. For energies above 0.2 Me V, the difference is small. Below this energy, scattered photons become increasingly important and give rise to a difference between the energy response function for free air exposure and the response function for ambient dose equivalent, which includes scatter in the ICRU sphere. The highest quotient of the ambient dose equivalent and exposure 3 is about 1.6 x 10-2 Sv R-1 at 80 keY, whereas it is close to 1 x 10-2 Sv R-1 at energies above 1 MeV. At low photon energies, attenuation in the 10 mm of tissue-equivalent material of the ICRU sphere becomes increasingly important and causes this quotient to decrease. For instance, the quotient is 0.6 x 10-2 Sv R-1 at 21 keY (Figure 3 .1).
Many instruments designed to measure exposure exhibit some over-response at energies below 100 ke V because of photo-electric absorption in relatively high atomic number elements of the wall. They also exhibit wall attenuation at low energies.
The response of such instruments, accordingly, may actually exhibit less energy dependence for measurements of H*(10) than for measurements of exposure. Hence, many existing instruments can be used to measure ambient dose equivalent rate merely by a scale change from R h-1 to 10 mSv h-1 (approximately).
Weakly Penetrating Radiation. In a unidirectional radiation field, the reading of an instrument used for measuring directional dose equivalent, H'(0.07,a), should vary with the direction of the incident radiation. For radiation incident from the backward hemisphere, the reading should be zero. In the forward hemisphere, the angular variation of the reading, when the instrument is rotated, should agree with the variation of the quotient of H '(0.07 ,01.) and fluence. This variation is caused both by changing attenuation in a 0.07 mm layer of tissue and by the change of backscattering with angle of incidence. The latter is considerably more important for beta radiation than for low energy photons. In unidirectional fields, there is no unique angular dependence for H'(0.07,a): it varies with both the type and energy spectrum of the radiation. Some examples of the approximate angular variation of H'(0.07,a) for nearly unidirectional fields of beta radiation are shown in Figure 3 .2.
For beta radiation, backscattering from the ICRU sphere is not significantly different from back-3 The ICRU is basing its units on the International System of Units. Although this makes the roentgen obsolete, it must, nevertheless, be referred to in this Report because many currently employed instruments are calibrated in roentgens.
scattering from a sufficiently thick plane slab, since the ranges of commonly-encountered beta rays in tissue are small compared with the radius of the sphere. Thus a very thin, planar, tissue-equivalent detector, under a tissue-equivalent absorber 0.07 mm thick and backed by a thick layer of plastiC having the same backscattering characteristics as tissue, is suitable for measuring H'(0.07,a) for beta rays. The practical standard is an extrapolation chamber (Section 3.3.2) for which the response, with respect to H'(0.07,a), is very close to isodirectional (but is not isotropic with respect to fluence). 10' 20' 30' 40' 50' 60' 70' 80' 90 a Fig. 3 .2. Relative readings of an extrapolation chamber with a tissue-equivalent window 7 mg cm-2 thick, when it is rotated at 15 cm from beta-ray point sources. These curves give an approximation to the variations of H' (O.07,a) for unidirectional beams of beta radiation. The 90Sr_90y source has a sufficiently thick cover that nearly all the response is to 90y beta rays (Cross, 1988) .
Many existing instruments intended for use with weakly penetrating radiation are designed to measure the absorbed dose rate at specified depths within a tissue-equivalent absorber. The introduction of directional dose equivalent does not change the design requirements of such instruments. Neither does it change the difficulty of meeting these requirements nor the extreme caution required in interpreting readings from such instruments in fields of higher energy photons or mixed radiations. Insofar as an instrument measures these absorbed dose rates and insofar as the depth corresponds to the recommended depth of 0.07 mm, it is appropriate for measuring the recommended quantities.
Individual Dosimeters for Strongly and Weakly Penetrating Radiation
The personal dose equivalent defined in Section 2.2.2.2 can generally be used without changing existing practices in individual monitoring of photon and electron radiations. Many individual dosimeters are designed to measure dose equivalent to tissues adjacent to the badge location at two or more selected depths, such as 0.07, 3 and 10 mm.
The design of individual dosimeters for photons has been simplified in recent years by the increasingly widespread adoption of nearly tissueequivalent thermoluminescent detectors. Such a detector, placed under an appropriate flat absorber having the same attenuation characteristics as 10 mm of tissue, will constitute a dosimeter having a spectral and angular response close to the ideal. Such systems have been designed for measurements of H p (0.07), Hp(3) and H p (10). For measurement of H p (0.07) from beta radiation, the main deficiency of most existing dosimeters is that the sensing element is too thick.
Dosimeters based on sensing elements that are far from tissue equivalent (e.g., photographic film) can also be used. In this case, one or more filters may be used to improve the energy response, but it is then difficult to ensure that the response is nearly energyindependent for different angles of incidence of the radiation. Such problems are particularly serious for low-energy photons.
Ionization Chambers
Ionization chambers are among the most widely used detectors for measuring dose equivalents and dose equivalent rates from photons and electrons. The ionization per unit mass of gas in the chamber is related to the absorbed dose in the wall by the Bragg-Gray principle and its refinements (Spencer and Attix, 1955; Burlin, 1966; Horowitz, 1984a; HP A, 1985) . The dose equivalent rate can be calculated from the chamber current, the cavity dimensions and the known properties of the wall and gas. The properties of ionization chambers have recently been reviewed by Boag (1987).
Photon Measurements
In most existing ionization chamber instruments for measuring photon dose equivalent rates, the gas is air and the walls are plastic or graphite, of a thickness that is a compromise between achieving electronic equilibrium for high energy photons and extending the sensitivity to low energies. If the response of an existing survey instrument relative to 3.3 Ionization Chambers ••• 9 exposure or air kerma is reasonably independent of energy, it will under-respond to H*(10) at energies between 30 ke V and 300 ke V by an amount that varies with energy. This amount is given by the quotient of exposure and H*(10) (the reciprocal of the quantity shown in Figure 3 .1) or of air kerma and H*(10). However, many present instruments already over-respond to exposure near the peak of this curve, because their walls or central electrode have an average atomic number higher than that of air. In addition, below about 30 ke V, such instruments may also over-respond, relative to H*(10), because the front walls of existing chambers are generally thinner than 10 mm and so give less attenuation, relative to that at higher energies, than is required by the definition of H*(10).
The response relative to H*(10) of typical survey ionization instruments is usually constant with energy to ± 30% or better, over the energy range of importance for radiation protection (Burgess, 1985; Thompson, 1989a) . By thickening the walls and lining part of the cavity with AI, a response that is constant within ± 7% from 25 ke V to 1.25 Me V has been obtained for a particular instrument (Burgess, 1986) .
The reading of an instrument that measures H*(10) should be independent of the instrument's orientation in the radiation field. The extent to which this requirement is achieved, especially at low photon energies, depends on the geometry and construction of the instrument. An instrument that has a satisfactory angular response for measuring exposure or air kerma also has a satisfactory angular response for measuring H*(10).
The sensitivity of ionization chambers of modest size (e.g., 100 cm 3 ) is adequate to measure dose equivalent rates as low as 1 /lSV h -1. The need to use high pressures or gas multiplication to obtain high sensitivity has largely been removed by the availability of modern amplifiers that measure currents down to one femtoampere or less. The response is easily made independent of dose equivalent rate up to values well above levels of interest in radiation protection.
Small cylindrical, plastic-walled ionization chambers, frequently attached to a quartz fibre electrometer ("pencil chambers"), are extensively used as integrating personal dosimeters for photon radiation. For photons from 40 ke V to 1.25 Me V, incident normal to the axis of the chamber, the energy response relative to exposure is typically constant to ± 15%, while the energy response of such a dosimeter worn on the trunk, relative to Hi10), differs from unity by about the same amount. The low-energy response is lower for radiation incident along the axis. The angular response to fluence is symmetric around the axis of the chamber. Since, in non-isotropic fields, the quotient of Hi10) and fluence varies with the angle to the body surface, these chambers (which are worn with their axis parallel to the body surface) do not have the correct angular response for measuring H p (10). The error increases as the energy decreases and its magnitude can be judged from Figure A .2, where H'(10,ex) approximates H p (10). Examples of this behavior are shown by Burgkhardt et al. (1989) .
Electrets are sometimes used to generate the electric field in ionization chamber personal dosimeters (Gupta et al., 1985; Ikeya, 1985) . As in any ionization chamber dosimeter, the energy response depends on the materials surrounding the cavity. For normal incidence, the response, relative to H p (10), of one such chamber (Dorschel and Pretzsch, 1986) had a peak value of about 1.8 at 65 keY, when calibrated with 60Co.
Ionization chambers designed for photons or beta rays, particularly those with plastic walls, are also sensitive to fast neutrons, but the dose equivalent response for neutrons is less than that for photons, typically by a factor of 10 or more.
Electron Measurements
An extrapolation chamber (a shallow, parallel· plate ionization chamber of accurately variable depth) with tissue-equivalent (TE) walls and a TE window 7 mg cm -2 thick, currently provides the standard for measurements of H'(0.07,ex) from beta radiation. Although, strictly, this measures the dose equivalent at 7 mg cm-2 depth on a plane surface rather than on the ICRU sphere, the difference is usually unimportant because the range in tissue of most beta radiations is small compared to the radius of the sphere. The energy response of an ideal extrapolation chamber with respect to H' (O.07,ex) is, therefore, uniform and its angular response is isodirectional. A shallow, parallel-plate ionization chamber offixed depth (e.g., 1 mm) has similar characteristics but is less suitable than an extrapolation chamber for absolute measurements because its sensitive volume usually cannot be determined accurately.
Since the response of a properly designed extrapolation chamber is isodirectional with respect to H'(0.07,ex), it serves as a standard for determining the directional responses of other beta-ray instruments. Examples of the measured angular variations of reading of an extrapolation chamber for three beta-ray emitters are shown in Figure 3 .2. These variations, measured for "point" sources at 15 cm distance, differ somewhat from the theoretical variations of reading in unidirectional beams of beta radiation because air scattering spreads the angular distribution of beta rays incident on the detector, sometimes very significantly.
As a result, the measured change of reading with direction varies with the distance between source and detector, as shown in Figure 3 .3, and the amount of this variation will depend on beta-ray energy. Nevertheless, any instrument that has the same variation of reading with energy and angle as an ideal extrapolation chamber, when determined under exactly the same conditions, will have the correct response for measuring H'(0.07,ex). 10' 20' 30' 40' 50' 60' 70' SO' 90' ANGLE TO NORMAL Fig. 3 .3. Relative variation with angle of incidence of the reading of an extrapolation chamber that has a tissueequivalent window 7 mg cm-2 thick, for a 90Sr_90y source at 15, 25, 50 and 100 cm from the chamber. The differences among the curves are the result of interactions in the air (Cross, 1988) .
Ionization chamber survey instruments used for beta and gamma rays typically have a thin (several mg cm-2 ) front window that can be covered for gamma measurements, are several cm deep, and have side walls thick enough to stop most beta particles. When such an instrument is calibrated for H*(10) from photons, its response may seriously underestimate H'(0.07,ex) for low-energy beta radiation (Walker and Jacobs, 1984) . However, some beta-gamma instruments, especially designed for beta-ray measurements, have energy responses, relative to H'(10), that are within ± 30% of unity for maximum beta-ray energies from 0.25 to 2.3 MeV (Walker and Jacobs, 1984; Herbaut et al., 1986) .
The directional response of such instruments relative to H'(0.07,ex) is usually peaked for radiation parallel to the chamber axis. Ionization chamber instruments have sometimes been built with thin (e.g., 17 mg cm -2) side walls and these may overestimate H' (0.07,ex) at large angles to the axis.
Proportional Counters
In gas·filled proportional counters, the electrons from ionization produced by incident radiation undergo gas multiplication, the output charge pulse being proportional to the initial number of ions. Since proportional counters have much shorter dead times than Geiger-Miiller counters, they are used increasingly in the pulse-counting modes for measuring dose equivalent rates from photons (Maushart, 1984 (Maushart, , 1988 . In this mode, no use is made of the proportionality of the output pulse. Proportional counters have also been operated in the continuous-current mode, in which case they can provide a measure of the radiation similar to that given by an ionization chamber.
Counters with walls of tissue-equivalent conducting plastic and filled with low pressure tissueequivalent gas, used for many years in microdosimetric studies (ICRU, 1983; Rossi, 1984) , have recently been adapted for radiation protection measurements. Their main application is for neutron or mixed neutron·photon fields, since they have the unique property of giving information on the quality factor as well as on the absorbed dose. Although such counters are not normally used for measuring photons unaccompanied by neutrons, their response to low energy photons has been investigated (Dahmen et al., 1989; Schmitz et al., 1989) . Down to 30 keV, the response relative to H*(10) is within 20% of that at high energies.
Geiger-Muller Counters
GM counters are widely used in instruments for measuring dose equivalent rates from photons and are sometimes used for beta rays. Dose equivalents are determined from the number of counts, since any electrons that enter the sensitive volume of the counter produce pulses of virtually the same size. Counters are available in a wide variety of sizes and shapes. The use of these counters in dosimetry has been reviewed by Emery (1966).
Photon Measurements
The energy response relative to H*(10) depends on the atomic number and thickness ofthe counter wall. The response of the counter without an added filter 3.5 Geiger-Miiller Counters 11 typically rises as the energy decreases below 0.3 MeV and has, around 40 to 80 keV, a maximum that is several times higher than the high-energy response. This low-energy response can be improved by the addition of a filter, usually of Sn, Cd or Pb which is often perforated. The response for normal incidence can then be made uniform within ± 15% from 50 keV to 1.5 MeV and it rises slowly at higher energies. Filters on counters currently in use have usually been designed to flatten the response relative to exposure but some have also been redesigned for optimum flatness relative to H*(10) (Marshall et al., 1987) . The directional variation of response depends on the shape and construction of the GM counter, its filter and the instrument in which it is mounted. Typically, the response in the direction of the counter axis is smaller than that for radiation incident normal to this axis.
The pulses in a GM tube must be quenched, usually by including a halogen or suitable organic gas in the filling. After each pulse, the counter is insensitive for a period of 10 to 200 II-s, depending on counter size. This dead time limits the maximum counting rate and, together with other parameters, the maximum dose equivalent rate that can be measured.
Halogen·quenched counters can be operated in a direct-current mode to increase the maximum measurable dose equivalent rate. The minimum dose equivalent rate that can be measured in practice is often limited to around 50 nSv h-1 by the radioactivity of the GM tube.
The H*(10) response of GM counters to fast neutrons depends on the wall material and neutron energy, but is of the order of 0.1 % of that to photons. GM tubes are, therefore, sometimes chosen to measure selectively the dose equivalent from photons in the presence of neutrons.
Electron Measurements
While GM counters are extensively used to detect beta radiation, they are less satisfactory for measuring dose equivalent quantities from beta radiation, because of poor energy and directional responses. Nevertheless, when beta rays are incident normally on a thin-window GM counter, dose equivalents can be determined within a factor of about 2 over the range of end·point energies from 200 keV to 3 MeV.
Scintillation Detectors
Scintillation detectors are now only occasionally used for measuring dose equivalent rates from photons in working areas. They are sometimes used for beta-ray measurements. For photon or beta-ray measurements, the integrated current from the photomultiplier is usually determined, rather than the number of pulses.
Photon Measurements
For instruments based on organic scintillation detectors, the energy response for photons, relative to H*(10), is constant within about ± 10% from 200 ke V to 2 MeV, but decreases at lower energies because the effective atomic number of the scintillator is lower than that of tissue. The low-energy response can be improved by including small amounts of heavier elements (such as Cl) in the scintillator or by coating the scintillator with higher-Z materials (Rolb and Lauterbach, 1971 ). The energy response of inorganic scintillators is much less suitable than that of organic scintillators for measuring dose equivalent quantities. The angular response relative to H*(10) is essentially isotropic for an organic or inorganic scintillator of appropriate dimensions.
For equal dose equivalents, the light output produced by fast neutrons is one or two orders of magnitude smaller than that produced by photons, both because it does not take the quality factor into account and because the light output from a lowenergy recoil proton is not proportional to its energy. For certain scintillation materials, photon and neutron responses can be separated by pulse shape discrimination, but this method is at present too complex for routine survey instruments.
Electron Measurements
Organic scintillators are sometimes used as detectors for beta·ray dose equivalent rate measurements, because they can combine thinness, adequate sensitivity and approximate tissueequivalence. The detector is a layer of plastic scintillator or anthracene, 5 to 7 mg cm-2 thick, covered by a plastic window a few mg cm -2 in thickness (Cross and Marr, 1960; Martz et al., 1986) . The energy response can be made uniform within ± 30% and possibly better, for maximum beta energies between 0.23 MeV and 2.2 MeV. The directional response can be made close to that of an extrapolation chamber (Cross and Marr, 1960) and is thus appropriate for measuring H '(0.07,0I ). The photon response may be 1.5 to 2 times higher than the beta·ray response (primarily because of photon interactions in the photomultiplier) and an absorber may be needed to separate these two components.
The use of thick plastiC scintillators for measurements of beta· ray spectra is under investigation as an alternative method of determining beta·ray dose equivalents (Hajnal, 1986; Martz et al., 1986) . The value of H'(0.07) for normally-incident beta rays is stated to be determined within about ± 25% (Martz et al., 1986) provided that the ratio of photon to betaray dose equivalent rate is less than 1. The directional response of such a system relative to H' (0.07,0I) is not quantitatively established at present.
Semiconductor Detectors
Silicon semiconductor detectors are particularly useful for beta-ray dosimetry because their sensitive volumes can be made very thin. They can also be used for photons.
Photon Measurements
Silicon diodes have been used both in the pulse and direct current modes to measure photon dose equivalents and their rates (Slapa et al., 1971) . For a Si diode covered by a window of tissue-equivalent material, used in the direct-current mode, the photon energy response relative to H*(10) is essentially constant above 300 keY, but rises at lower energies to a value at 30 keY about 6 times its high-energy value. A filter must, therefore, be used to improve the response at low energies and the shape of the response depends critically on this filter. With a 0.8 mm·thick Cu filter, and making use of the pulse· height distribution, Slapa et al. (1971) obtained results that correspond to an H*(10) response uniform to ± 30% from 80 ke V to 1.25 MeV. A comparable response was obtained with a filtered CdTe detector (Umbarger et al., 1979) . The variation with direction of the response of one such Si detector (Eisen et al., 1986) , relative to H*(10), was within ± 10% at 662 keY but for 100 keY, the response was about 80% low at 90°. At lower energies, the directional response will depend strongly on the thickness and geometry of the filter.
The dose equivalent response of a Si diode to neutrons is many times smaller than that to photons, even when it is enhanced by hydrogenous material in contact with the detector (Eisen et al., 1986) .
Electron Measurements
Several types of Si semiconductor devices have been used as detectors in beta-ray survey instruments. The thin sensitive layers of these devices make them suitable for the measurement of H'(0.07,0I) of beta rays.
They all have the disadvantage of having a higher response to low energy photons (less than 100 ke V) than to beta rays, because the effective atomic number of the detector is higher than that of tissue.
A diffused Si diode, normally used as an optical detector, can operate as a thin, solid-state ionization chamber. With a low voltage across the diode, typical thicknesses of the sensitive layer are 10 to 30 mg cm-2 and the leakage current is low enough to measure H'(O.07) rates down to 100 jLSV h-1 (Wernli and Jones, 1981) . The current reading is proportional to dose equivalent rate over 7 orders of magnitude. The energy response is similar to that of a LiF-Teflon TLD of the same thickness (Section 3.9.2). Si diodes have also been used in beta-ray dose-rate meters by counting pulses (Jones, 1966) . The energy response obtained is poorer than for the detectors described above. A better response was obtained for a reversebiassed junction detector, by weighting pulses according to their height. The sensitive region was about 25 mg cm-2 thick and the reported energy response was uniform within ± 25%, from 0.23 to 2.2 MeV maximum energy (Heinzelmann and Schiiren, 1979) .
A metal oxide semiconductor field effect transistor (MOSFET) has an extremely thin sensitive layer -less than 0.5 mg cm -2 -and can be used as an integrating dosimeter (Thomson et aZ., 1984; Jones and Sanders, 1986) . Beta or gamma rays permanently change the threshold voltage at which current flows. In one such detector with a 7.3 mg cm-2 plastic window, the response relative to H'(0.07), from normally incident 147Pm beta rays, was 67% of that for 90Sr_90y beta rays.
The minimum measurable value of H'(0.07) was about 10 IlSv.
The angular response of semi-conductor beta-ray detectors does not appear to have been reported.
Photographic Films
Photographic emulsions provide a widely used personal dosimeter. After chemical development, their optical density is related in a complex way to the dose equivalent from photons or beta rays. Film dosimetry has been reviewed by Dudley (1966 ), Becker (1973 and Wohni and Stranden (1985) .
Photon Measurements
For radiation incident normal to the plane of the film, the response relative to H'(10) is nearly independent of photon energy above 300 ke V but increases 20 to 50 times at lower energies (depending on the type of film) to a maximum near 40 keV. In personal dosimeters, this peak is mostly removed by filters of Sn, Pb or other high-Z materials that, for normally-incident photons, can give a nearly flat response down to about 80 keV and a rapid decrease 3.8 Photographic Films ••• 13 at lower energies. By combining the optical densities under several filters, a response (for normal incidence) uniform to ± 20% from 15 ke V to 1.25 Me V can be derived (Marshall et aZ., 1980) . Spectral information at low energies can be obtained by comparing optical densities under filters of different materials and thicknesses.
The directional response relative to H'(10,ex) depends strongly on the filter used, decreasing for non-normal incidence at low energies where attenuation in the filters is important. By combining the readings under 4 different filters, Ambrosi et aZ.
(1988) obtained a response constant to ± 38% at incident angles from 0° to 60°.
The lower limit of detection is in the range 100 to 200 IlSv. The optical density is a highly non-linear function of dose equivalent whose shape depends on the particular type of emulsion. In some dosimeter packets, the dose equivalent range is increased by having two emulsions of different sensitivities. Absorbed doses as high as several Gy can be measured; however, the concept of dose equivalent is no longer applicable at such levels. Fading is important at high humidities, particularly at ambient temperatures above 30°C (Becker, 1973) . This can be greatly reduced by sealing the dosimeter in a moisture-proof package.
Film is affected by thermal neutrons primarily through the activation and subsequent decay of silver, but its dose equivalent response to neutrons is only about a quarter of that for gamma radiation (Ehrlich, 1960) . A film dosimeter worn on the body will, therefore, have some response to albedo neutrons from the body, many of which have thermal energies. For high energy (e.g., 3 MeV) neutrons in free air, the responses of various film dosimeters relative to H'(10) are 3 to 8 times less than that for photons, depending on the type of film and its immediate surroundings (Ehrlich, 1960) .
Electron Measurements
Emulsions in commercial personal dosimeter films are thin enough (a few mg cm -2) to have a reasonably good response relative to H'(0.07) but the wrapping normally used (25 -30 mg cm -2) strongly attenuates beta rays with maximum energies of 0.3 Me V or less. For an emulsion covered by 7 mg cm -2 of tissue-equivalent material and for normal incidence, it can be shown from the measurements of Dudley (1954) that the energy response relative to H'(0.07) is constant within about ± 15% for monoenergetic electrons above 0.3 MeV, increases by about 1.7 times to a maximum near 100 keV and falls off rapidly at lower energies. Above 0.3 MeV, the directional response of the emulsion alone, relative to H'(0.07,OI.), is uniform to ± 30% at angles up to 60° from normal incidence. However, both the energy and directional responses may be strongly affected by the wrapping used in a film packet. The minimum detectable dose equivalent for high energy electrons is about the same as for gamma rays (100 to 200 jlSv). Beta-ray and photon dose equivalents can be separated by comparison of the optical densities under 2 or more different absorbers.
Thermoluminescent Dosimeters (TLD's)
A small part of the energy deposited in thermoluminescent materials by ionizing radiation is stored and is released as light when the material is heated, the amount of light (under given heating conditions) being proportional to the energy deposited. TLD's are widely used as personal dosimeters for measuring dose equivalents from photons and beta rays as well as for area monitoring. They are usually used in the form of extruded chips, pellets or powder, the latter often being encapsulated or dispersed in plastic. Compared to photographic film dosimeters, TLD's are more sensitive, reusable, often more nearly tissueequivalent, cover a wider range of doses, and most TLD materials are less subject to fading. However, photographic films provide a convenient permanent record.
Of the wide variety of TLD materials, the most important are LiF, Li 2 B 4 0 7 , CaF 2 and CaS04, doped with various activators. MgB 4 0 7 (Dy), A1 2 0 3 , BeO and other materials are also used. LiF, Li 2 B 4 0 7 and BeO are the most nearly tissue-equivalent for photons while CaS04 and CaF 2 , although far from tissue-equivalent, have the advantage of being 20 to 30 times more sensitive. AI 2 0 3 (C), that is about 60 times more sensitive than LiF(Mg,Ti), has been developed (Akselrod et al., 1990) . Materials that are nearly tissue-equivalent and that have high sensitivity (e.g., LiF(Mg,Cu,P» are under development (Zha Ziying et al., 1986) and the sensitivities of some materials (including LiF(Mg,Ti)) can be increased several times by gamma irradiation and annealing before use. The properties of many of these materials have been reviewed (Portal, 1986; Ranogajec-Komor and Osvay, 1986) and the general subject of thermoluminescence dosimetry is covered by several authors (Oberhofer and Scharmann, 1981; McKinlay, 1981; Horowitz, 1984b; Mahesh et al., 1989) .
Fading is unimportant for LiF(Mg,Ti) and CaS04(Dy) (",,5%/year) but may amount to 10%/month for CaF 2(Dy). Some TLD materials (e.g., Li 2 B 4 0 7 (Cu), MgB 4 0 7 (Dy» are particularly affected by light and some (e.g., Li 2 B 4 0 7 (Mn or Cu» are sensitive to humidity (David, 1986 ).
Photon Measurements
For exposures behind an appropriate thickness of tissue-equivalent material (10 mm for H p (10) and 0.07 mm for H p (0.07», the energy responses, relative to H' (10) or H'(0.07) , of all widely used TLD materials are reasonably flat at energies above 200 ke V and for normal incidence. At lower energies, the energy response depends not only on the effective Z of the TLD material (Figure 3.4 ) but, to a lesser extent, also on its dimensions and on the thickness and effective Z of the surrounding material. Most published responses are relative to exposure and may be converted to H'(10) and H'(0.07) by the data of Table A .2. For LiF, no special filtration is required to give a reasonably flat response, relative to H'(10), down to about 50 keY. U 10-1 _--11--11---1..1 LI ul 1-1-1 ĨI _---1..1 ---1..1 ~I -1-1.L1 ul 1.lJ11_---1..1 ---1..1 -1-1.l.1-1-1l.JIILLI LI _= 10 1 10 2 10 3 10 4 PHOTON ENERGY (keV) Fig. 3 .4. Relative variation of the calculated kerma in thermoluminescent materials, as a function of photon energy. These curves give an approximation to the relative energy response, per unit exposure, for several unshielded TLD materials. Below 100 ke V the relative responses of dosimeters will differ significantly from these curves because of the dependence of light output on LET and because of attenuation in the cover.
For example, the measured response to normally incident photons of a LiF-in-teflon detector, 20.4 mg cm-2 thick, and beneath 700 mg cm-2 of plastic, was flat to about ± 15%, relative to H'(10), from 40 keY to 1.25 MeV (Bartlett et al., 1986) . The response at low energies is somewhat poorer for Li 2 B 4 0 7 and BeO. For CaF 2 and CaS04, on the other hand, various filters have been proposed to compensate for excess response at energies below 200 keY. A comb i-nation of Ta, Pb and Al (Ben-Shachar et al., 1986) gives an ambient dose equivalent response that is flat within ± 20% for 50 keY to 1.25 MeV, for normally incident photons. By using several different filters along with CaSO", information can be obtained on the photon energy spectrum between 20 ke V and 300 ke V (BtJtter-Jensen et al., 1986) .
A dosimeter comprising a thin layer of nearly tissue-equivalent TLD material (e.g., LiF or Li2B, , 07) beneath an appropriate absorber (e.g., 1 mm AI) has a response out to 60° that is isodirectional, relative to H' (10,a) , within about ± 35% from 20 keY to 100 ke V (Christensen et al., 1990) and presumably also at higher energies. The directional response is poorer for high-Z materials compensated by filters.
The mllllmum measurable dose equivalent depends on the TLD reader and technique and typically varies from about 20 JlSV for sensitized LiF(Mg,Ti) and Li 2 B 4 0 7 (Mn), to a few JlSV for CaSOiDy) and CaF 2(Dy) and less than 1 JlSV for LiF(Mg,Cu,P) and AI 2 0aCC). The light output is proportional to dose equivalent up to a certain level characteristic of the material (e.g., 1 Sv for LiF(Mg,Ti), 100 Sv for sensitized LiF), above which it first may become supralinear and finally exhibits saturation.
The H'(10) responses of TLD materials to fast neutrons are between 1 and 3 orders of magnitude smaller than those to photons. The low neutron response occurs primarily because, for equal dose equivalents, the kerma in TLD materials is much less for neutrons than for photons. The neutron response is enhanced 2 or 3 times when the TLD is surrounded by hydrogenous material. Photon dose equivalent measurements in mixed photon-neutron fields are not usually affected directly by fast neutrons.
However, if the TLD in a personal dosimeter is sensitive to thermal neutrons, its reading will be affected by incident fast neutrons (Mejdahl, 1967) that are moderated and backscattered by the body (albedo neutrons).
The response to thermal neutrons depends mainly on the amounts of 6Li and lOB in the TLD material. For LiF or Li 2 B 4 0 7 of natural isotopic composition, the thermal neutron response relative to H'(10) is 20 to 60 times that for photons; for CaS04 , CaF 2 , BeO or A1 2 0 3 , it is only a few percent. When absorption of neutrons in the TLD is large, the relative response to neutrons and photons varies with the TLD dimensions.
Electron Measurements
TLD's under a few mg cm -2 of plastic are used to measure personal dose equivalents from beta 3. 10 TSEE Detectors ••• 1 5 radiation. Both the energy response and directional response depend strongly on the thickness of the detector and its cover. Relatively thin TLD's are sometimes made by dispersing LiF throughout a layer of Teflon. The TLD's in widespread use are 5 to 240 mg cm -2 thick. For normally incident beta rays, when the dosimeter is calibrated with high energy beta rays, the thickest of these can result in underestimating H/0.07) from low energy beta rays by a factor of 10 to 100 (Christensen, 1986), while even the thinnest underestimates H p (0.07) from l47Pm beta rays by a factor of 2.5.
Various methods have been used to produce both physically thin detectors (Harvey and Felstead, 1979) and thin sensitive layers on the surface of thicker TLD's (Koczynski et al., 1974; Uchrin, 1986) . By mixing MgB 4 0 7 (Dy) and Li 2 B 4 0 7 (Mn) with graphite to reduce the thickness of the layer from which light can escape, Prokic (1985) obtained effective TLD thicknesses as low as 2 mg cm-2 and a detection threshold of 20 JlSV (Prokic, 1990) . Use of pulsed laser heating to read out only the surface layer has been proposed (Quam, 1984) . Combining TL and TSEE (see Section 3.10) readout of the same LiF detector gives beta spectral information that can be used to correct the reading (Pete I and Barthe, 1986 ). An alternative way to obtain spectral information is to combine readings of thick TLD's under windows of several different thicknesses but this method has the disadvantage that the algorithm used to derive H p (0.07) must vary with the angle of incidence.
The directional response of a 2 mg cm-2 thick TLD under a 7 mg cm -2 window (Christensen, 1986) is close to the ideal for measuring H'(0.07). For thicker detectors, the directional response remains satisfactory for low energy beta rays but for high energies it falls off too rapidly with angle of incidence (Christensen, 1986; Christensen and Prokic, 1986) . In practical dosimeters, the directional response is often also affected by partial collimation introduced by the dosimeter case.
Thermally Stimulated Exoelectron Emission (TSEE) Detectors
Many insulating solids, when heated to several hundred degrees Celsius, emit a number of electrons proportional to the absorbed dose of ionizing radiation to which the material has been exposed since it was last heated. In some materials, electron emission can also be stimulated by irradiation with visible light (Optically Stimulated Exoelectron Emission). Because these electrons escape from a surface layer only a few nanometers thick, and because certain materials are relatively efficient in converting absorbed dose to emitted electrons, these phenomena provide the basis for an extremely thin but nevertheless very sensitive integrating dosimeter, particularly useful for measuring H p (0.07) for beta radiation. Earlier problems oflack of reproducibility of TSEE systems have been largely overcome during the last decade (Kriegseis et ai., 1986) mainly because of the development of BeO thin·film detectors. TSEE dosimetry has been reviewed by Spurny and Kaambre (1985) .
The materials investigated most extensively as dosimeters are BeO (Wieters et al., 1983; Scharmann and Kriegseis, 1986) , LiF (Herbaut et al., 1983) and Al 2 0 3 (as a-alumina) (Hobzova et aI., 1983) . The properties of these and other TSEE materials are summarized by Holzapfel and Scharmann (1988) . Surfaces are specially prepared to avoid nonreproducible effects. Emitted electrons are detected in gas-flow proportional counters (Comby et ai., 1980; Scharmann et ai., 1983) or GM counters (Holzapfel and Petel, 1983; Petel et ai., 1983) designed to avoid surface charging during read-out.
Multi-needle counters are sometimes used to reduce the dead time (Comby et al., (1980». Fading appears to be generally unimportant because of the depth of the traps from which exoelectrons are emitted, although, for A1 2 0 3 , there is some fading during the first 4 hours after irradiation.
TSEE detectors are affected by ultraviolet light.
Photon Measurements
For photons of energies above about 10 keY, the variation of response with energy, relative to H'(10), and the variation of angular response, depend almost entirely on the material surrounding the TSEE layer, because of the extreme thinness of this layer. The detector housing must, therefore, be designed with particular care. For a bare TSEE layer on a graphite backing, the response, relative to H'(10), at energies below 100 keY, is about 80% of that for 60Co. In contrast, for an Al 2 0 3 backing, the response rises below 100 keY, and at 30 keY is 2.3 times that for 60Co (Wieters et ai., 1983) .
The measurable range of photon dose equivalents, for a particular TSEE BeO system was 10 f.tSV to 10 Sv (Lesz et ai., 1985) .
Electron Measurements
The energy response relative to H'(0.07), for TSEE's under 7 mg cm -2 of TE material, has been measured for normally incident monoenergetic electrons (Wieters et al., 1984) and beta rays (Hobzova et al., 1983; Herbaut et al., 1983) . For the latter, it is constant within ± 7% for beta rays from 147Pm to 90y. Some materials, such as LiF and Li 2 B 4 0 7 , have the advantage that both their thermoluminescent and exoelectron emission can be measured and information on the energy of the beta radiation can be derived from these measurements (Petel and Barthe, 1986) .
The directional response of a TSEE detector under a 7 mg cm -2 window appears to be very close to that of an extrapolation chamber (Ambrosi and Bohm, 1988) , and is thus suitable for measuring H p (0.07).
Photoluminescent (PL) Detectors
PL detectors (also known as radiophotoluminescent (RPL) detectors) are used as personal dosimeters for gamma and x rays. Exposure of PL material to ionizing radiation creates stable color centers that fluoresce under UV stimulation, the amount of fluorescence being proportional to the absorbed dose. The detectors can be read out repeatedly without destroying the information and the dosimeter must be annealed at a temperature of about 400°C if it is to be reset to zero reading. PL dosimeters are made from commercially-available silver-activated glasses containing phosphates of elements such as AI, Li, K and Ba, and are in the form of small blocks, rods or discs. PL dosimetry has been reviewed by Fowler and Attix (1966 ), Piesch (1972 ), Becker (1973 and Piesch et ai. (1990) .
The energy response, relative to H'(10), depends on the atomic numbers of elements in the glass. Even so-called "low-Z" glasses are 3.6 times more sensitive at 50 ke V than to 60Co gamma rays and must be corrected by a filter (Burgkhardt et ai., 1984; Piesch and Burgkhardt, 1986) . One such compensated dosimeter has (for normal incidence) an energy response relative to H'(10) that is flat within ± 15% from 12 ke V to 0.66 Me V (piesch et ai., 1990) . The directional response at low photon energies depends on the shape and size of the detector and particularly on the filter design. With a thin, flat detector, the response relative to H'(10,a) can be made independent of direction within about ± 35%, for angles of incidence up to 60° and energies above 12 ke V (Piesch et ai., 1990) .
The minimum detectable value of H'(10) depends on the residual fluorescence in the glass and on the reading technique. For steady-state UV stimulation, it is around 400 f.tSv. This limit can be reduced by more than an order of magnitude by pulsed UV laser excitation of the fluorescence (Piesch et al., 1986) . The output signal varies linearly with H'(10) up to levels (e.g., several Sv) far above those of importance in personal dosimetry.
The thermal neutron response relative to H'(10) depends particularly on the 6Li and lOB content of the glass, but even glasses free of these isotopes are sensitive through the activation and subsequent decay of Ag. The H'(10) response of currently used low-Z glass dosimeters for thermal neutrons is a few 3. 11 Photoluminescent Detectors ••• 17 percent of that for photons and depends on the Ag content and dimensions of the detector (Piesch et al., 1990) .
The response decreases with increasing neutron energy. For a dosimeter in free air, the H'(10) response for 14 MeV neutrons is about 2% of that for photons, unless the detector is surrounded by hydrogenous material.
